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Electrochemical techniquesAbstract Hydrogen bonded interaction and synergistic effect on the corrosion protection proper-
ties of alkyl benzimidazoles and semicarbazide pair on mild steel in hydrochloric acid at 303, 308
and 313 K have been studied by polarization, electrochemical impedance spectroscopy, adsorption,
surface studies and basic computational calculations. The inhibition efﬁciencies and the global
chemical reactivity relate to total energy, EHOMO, ELUMO and gap energy (DE). Semicarbazide
interacts with alkyl benzimidazoles up to an average bond length of 1.9296 A˚. This interaction
may be due to the formation of a hydrogen bond between semicarbazide and alkyl benzimidazoles.
This synergistic interaction offer extended inhibition efﬁciency toward mild steel in hydrochloric
acid. The corrosion inhibition efﬁciencies and the global chemical reactivity relate to total energy,
EHOMO, ELUMO and gap energy (DE).
 2016 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).1. Introduction
Superior properties such as structural and mechanical
strengths of mild steel make it as a very crucial material in var-
ious industrial and engineering applications [1–3]. Acid solu-
tions are widely used in industrial ﬁelds of application being
acid pickling of steel, chemical cleaning and processing, oreproduction and oil well acidiﬁcation [4]. Hydrochloric acid
and sulfuric acid are commonly used for this purpose. How-
ever, these acids attack the metal and initiate corrosion. This
corrosion can cause serious damages to the metal and degrade
its properties, thereby limiting its applications [5–7]. That is,
corrosion causes economic loss and even serious operational
problems [8,9]. The use of inhibitor is the most important
method for protecting metals from corrosion, and many scien-
tists are conducting research on this topic. New inhibitors are
discovered every day. In principle, inhibitors prevent the cor-
rosion of metals by interacting with the metal surface via
adsorption through the donor atoms, p orbitals, electron
density and the electronic structure of the molecule [10–15].oles and
Figure 1 Nyquist plot for mild steel in 1 M HCl in the presence of MBI and SC at different temperatures (a) 303 K, (b) 308 K and (c)
313 K. [Inset: Nyquist plot for blank and in the presence of individual inhibitor MBI and SC].
2 K. Ramya et al.That is, the inhibitor molecules adsorb on the metal surface by
displacing water molecules on the surface and forming a pro-
tective ﬁlm [16–19]. Regarding the adsorption of inhibitor on
the metal surface, two types of interactions are responsible.
One is physical adsorption, which involves electrostatic forcesPlease cite this article in press as: K. Ramya et al., Corrosion protection of mild steel
semicarbazide pair – Electroanalytical and computational studies, Egypt. J. Petrol.between ionic charges or dipoles of the adsorbed species and
the electric charge at the metal/solution interface. The other
is chemical adsorption, which involves charge sharing or
charge transfer from inhibitor molecules to the metal surface
to form coordinate type of bond [20,21].in hydrochloric acid solution through the synergistic of alkylbenzimidazoles and
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.06.001
Figure 2 Nyquist plot for mild steel in 1 M HCl in the presence of EBI and SC at different temperatures (a) 303 K, (b) 308 K and (c)
313 K. [Inset: Nyquist plot for blank and in the presence of individual inhibitor EBI and SC].
Corrosion protection of mild steel in hydrochloric acid solution 3Synergism (synergistic inhibition effect) is a combined
action of compounds greater in total effect than the sum of
the individual effects. Synergism of corrosion inhibitor is eitherPlease cite this article in press as: K. Ramya et al., Corrosion protection of mild steel
semicarbazide pair – Electroanalytical and computational studies, Egypt. J. Petrol.due to the interaction between components of the inhibitor
composition or due to the interaction between the inhibitor
and one of the ions present in the aqueous solution [22,23].in hydrochloric acid solution through the synergistic of alkylbenzimidazoles and
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.06.001
Figure 3 Nyquist plot for mild steel in 1 M HCl in the presence of PBI and SC at different temperatures (a) 303 K, (b) 308 K and (c)
313 K. [Inset: Nyquist plot for blank and in the presence of individual inhibitor PBI and SC].
4 K. Ramya et al.Synergism is an effective method to improve the inhibitive per-
formance, to decrease the amount of usage, and to diversify
the application of inhibitor in acid media. In previous investi-
gations, synergism between organic inhibitors and halide ions
on steel corrosion in acidic solutions has been investigated by
many others [24–36]. The synergistic inhibition effects of
organic inhibitor/metallic ion mixture [37–46] on corrosionPlease cite this article in press as: K. Ramya et al., Corrosion protection of mild steel
semicarbazide pair – Electroanalytical and computational studies, Egypt. J. Petrol.of steel in acidic media have also been studied. Recently, the
synergism of organic inhibitor/organic inhibitor mixture on
corrosion of steel in acidic media has been studied [47–53].
Theoretical calculations have been used recently to explain
the mechanism of corrosion inhibition, which proved to be a
very powerful tool in this direction [54–58]. The geometry of
inhibitor molecule in its ground state, nature of its molecularin hydrochloric acid solution through the synergistic of alkylbenzimidazoles and
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.06.001
Table 1A Electrochemical impedance parameter and inhibition efﬁciency for the corrosion of mild steel in 1 M HCl solution in the
absence and presence of MBI and SC inhibitors at different temperatures.
Temperature
(K)
Inh: Conc
(ppm)
Rct
(Xcm2)
Cdl
(lF/cm2)
icorr
(mA/cm2)
CR
(mm/yr)
IE
(%)
MBI SC
303 K Blank Blank 17.28 244 1.510 17.50 –
0 200 41.62 83 0.629 7.264 24.3
50 150 75.46 125 0.346 4.007 77.1
100 100 189.8 69 0.137 1.593 90.9
150 50 434.0 51 0.060 0.697 96.0
200 0 185.2 86 0.141 1.633 90.7
308 K Blank Blank 13.74 266 1.899 22.01 –
0 200 16.84 216 1.549 17.95 18.4
50 150 29.49 262 0.885 10.25 53.4
100 100 55.16 167 0.473 5.481 75.1
150 50 89.00 146 0.293 3.397 84.6
200 0 74.06 85 0.352 4.082 81.5
313 K Blank Blank 6.833 532 3.818 44.25 –
0 200 7.711 503 3.383 39.21 11.4
50 150 11.64 425 2.241 25.97 41.3
100 100 18.08 329 1.443 16.72 62.2
150 50 44.01 128 0.582 6.749 84.5
200 0 18.74 163 1.392 16.13 63.5
Corrosion protection of mild steel in hydrochloric acid solution 5orbitals, HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital) are directly
involved in the corrosion inhibition activity.
In the present work, the synergism between alkyl benzimi-
dazoles [2-methylbenzimidazole (MBI), 2-ethylbenzimidazole
(EBI) or 2-propylbenzimidazole (PBI)] and semicarbazide
(SC) and its combined effect on mild steel corrosion in 1 M
HCl is studied by electrochemical and theoretical method. This
work is done as a continuation to the study on synergistic
inﬂuence of thiosemicarbazide [TSC] and alkyl benzimidazolesTable 1B Electrochemical impedance parameter and inhibition efﬁ
absence and presence of EBI and SC inhibitors at different temperat
Temperature
(K)
Inh: Conc
(ppm)
Rct
(Xcm2)
EBI SC
303 K Blank Blank 17.28
0 200 41.62
50 150 84.67
100 100 135.8
150 50 313.2
200 0 203.7
308 K Blank Blank 13.74
0 200 16.84
50 150 23.83
100 100 45.55
150 50 111.7
200 0 74.21
313 K Blank Blank 6.833
0 200 7.711
50 150 9.92
100 100 16.98
150 50 52.22
200 0 13.33
Please cite this article in press as: K. Ramya et al., Corrosion protection of mild steel
semicarbazide pair – Electroanalytical and computational studies, Egypt. J. Petrol.on corrosion of mild steel in 1 M HCl which is already
reported [51].
2. Experimental methods
2.1. Preparation of material and medium
The mild steel sample had the following composition (wt.%):
C(0.2%), Mn (1%), P (0.03%), S (0.02%) and Fe (98.75%).ciency for the corrosion of mild steel in 1 M HCl solution in the
ures.
Cdl
(lF/cm2)
icorr
(mA/cm2)
CR
(mm/yr)
IE
(%)
244 1.510 17.50 –
83 0.629 7.264 24.3
94 0.308 3.571 79.6
88 0.192 2.226 87.3
55 0.083 0.965 94.5
63 0.128 1.484 91.5
266 1.899 22.01 –
216 1.549 17.95 18.4
248 1.095 12.69 42.3
137 0.573 0.638 69.8
123 0.234 2.707 87.7
144 0.352 4.074 81.5
532 3.818 44.25 –
503 3.383 39.21 11.4
379 2.631 30.49 31.1
249 1.536 17.81 59.2
178 0.500 5.790 86.9
525 1.957 22.68 48.7
in hydrochloric acid solution through the synergistic of alkylbenzimidazoles and
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.06.001
Table 1C Electrochemical impedance parameter and inhibition efﬁciency for the corrosion of mild steel in 1 M HCl solution in the
absence and presence of PBI and SC inhibitors at different temperatures.
Temperature
(K)
Inh: Conc
(ppm)
Rct
(Xcm2)
Cdl
(lF/cm2)
icorr
(mA/cm2)
CR
(mm/yr)
IE
(%)
PBI SC
303 K Blank Blank 17.28 244 1.510 17.50 –
0 200 41.62 83 0.629 7.264 24.3
50 150 68.39 175 0.381 4.421 74.7
100 100 181.3 66 0.144 1.668 90.5
150 50 368.6 60 0.071 0.820 95.3
200 0 210.3 70 0.124 1.438 91.8
308 K Blank Blank 13.74 266 1.899 22.01 –
0 200 16.84 216 1.549 17.95 18.4
50 150 33.26 241 0.819 9.490 58.7
100 100 96.16 99 0.271 3.144 85.7
150 50 150.3 109 0.173 2.006 90.9
200 0 68.61 106 0.380 4.407 80.0
313 K Blank Blank 6.833 532 3.818 44.25 –
0 200 7.711 503 3.383 39.21 11.4
50 150 7.315 521 3.566 41.33 6.00
100 100 21.97 277 1.187 13.76 68.9
150 50 64.15 118 0.407 4.713 89.3
200 0 15.50 520 1.683 19.51 55.9
Figure 4 Electrochemical equivalent circuit.
6 K. Ramya et al.The metal specimens used in electrochemical studies were cut
in to 2  1.8 cm2 but only 1 cm2 area was exposed during each
measurement. Before measurement the samples were polished
using different grades of emery papers and then subjected to
the action of a bufﬁng machine attached with a cotton wheel
and ﬁber wheel having bufﬁng soap to ensure mirror bright ﬁn-
ish, degreased by washing with ethanol, acetone and ﬁnally
washed with distilled water.
The medium for the study was prepared from reagent grade
HCl (E. Merck) using double distilled water. All tests were per-
formed on aerated medium at different temperatures (303 K,
308 K and 313 K).
2.2. Inhibitor synthesis
Alkyl benzimidazoles were synthesized (Eq. (1)) from a mix-
ture of o-phenylenediamine (10 g, 0.092 mol) and aliphatic
acid (0.11 mol) in the presence of 4 M HCl (10 ml) and were
reﬂuxed at 373 K for 12 h. Completion of the work was mon-
itored by TLC. The contents were cooled to room temperature
and neutralized with saturated solution of NaHCO3. The solidPlease cite this article in press as: K. Ramya et al., Corrosion protection of mild steel
semicarbazide pair – Electroanalytical and computational studies, Egypt. J. Petrol.separated was ﬁltered and dried [51–53,59]. Commercially
available SC was recrystallized and used for synergistic studies.
where ‘–R’ is –CH3, –C2H5, or –C3H7.2.3. Electrochemical measurements
Electrochemical measurements were carried out in a conven-
tional three electrode cell with platinum counter electrode
(CE) and a saturated calomel electrode (SCE) coupled to a ﬁne
Luggin capillary as the reference electrode. To minimize the
ohmic contribution, the Luggin capillary was kept close to
the working electrode (WE). Mild steel samples were taken
as the working electrode.
Before the measurements, the WE was immersed in test
solution at open circuit potential (OCP) for 1 h until a steady
state was reached. All electrochemical measurements were car-
ried out using Gill AC electrochemical work station (ACM
instrument, model no: 1475). The potential of potentiody-
namic polarization curves started from potential 250 mV to
+250 mV versus SCE at a sweep rate of 60 mV/min. The inhi-
bition efﬁciency (IE) can be calculated from the corrosion cur-
rent density (icorr)
IE% ¼ icorr  i

corr
icorr
 100 ð1Þ
where icorr and i
*
corr were the corrosion current density in the
absence and presence of inhibitor.in hydrochloric acid solution through the synergistic of alkylbenzimidazoles and
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.06.001
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Figure 5 Variation of charge transfer resistance with different
concentrations of inhibitors in the combined form at different
temperatures (a) MBI/SC, (b) EBI/SC and (c) PBI/SC.
Corrosion protection of mild steel in hydrochloric acid solution 7Electrochemical impedance spectroscopic studies were car-
ried out at OCP in the frequency range of 10 kHz–0.1 Hz using
10 mV peak to peak voltage excitation. Inhibition efﬁciency
(IE) is estimated from charge transfer resistance (Rct) using
the following equation
IE% ¼ R

ct  Rct
Rct
 100 ð2Þ
where Rct and R
*
ct are the charge transfer resistance in the
absence and presence of inhibitors.
2.4. Computational study
Complete geometry optimization of the inhibitor molecules
were performed using density functional theory (DFT) with
Beck’s three-parameter exchange functional along with Lee–
Yang–Parr non local correlation functional (B3LYP) with 6-
31G* basis set using Guassian 03 program package [60]. Fron-
tier molecular orbitals (HOMO and LUMO) were used to
interpret the adsorption of inhibitor molecules on the metal
surface.
3. Results and discussion
3.1. Electrochemical impedance spectroscopic studies
The corrosion behavior of mild steel in 1 M HCl at different
temperatures (303 K, 308 K and 313 K) in the absence and
presence of different inhibitors alkyl benzimidazole (MBI/
EBI/PBI), semicarbazide (SC) and combination of alkyl benz-
imidazole (MBI/EBI/PBI) and SC was investigated using elec-
trochemical impedance spectroscopy. The Nyquist plots of
mild steel in uninhibited and inhibited acid solutions (1 M
HCl) are given in Figs. 1–3. The electrochemical parameters
calculated from the Nyquist plots are given in Tables 1A–1C.
The Nyquist plots contain depressed semicircles with their
center located under the real axis, and their size increases with
the addition of inhibitors, indicating a charge transfer process
mainly controlling the corrosion of mild steel [61,62]. Such a
behavior is typical of solid electrodes and often referred to fre-
quency dispersion, attributed to the surface heterogeneity due
to surface roughness, impurities or dislocations [63], fractal
structures, distribution of activity center, adsorption of inhibi-
tors and formation of porous layers [64–67].
The obtained impedance data were ﬁtted to the electrical
equivalent circuit (Fig. 4) in order to model the mild steel/so-
lution interface in the absence and presence of the inhibitor
[68]. The circuit consists of Rs the electrolyte resistance, Rct
the charge transfer resistance, and CPE the constant phase ele-
ment. We have used CPE in the place of double layer capaci-
tance (Cdl) in order to give a more accurate ﬁt to the
experimental results [69,70]. The use of CPE is required for
modeling the frequency dispersion generally related to the sur-
face heterogeneity [71].
The Nyquist plots were signiﬁcantly changed after the addi-
tion of inhibitors alkyl benzimidazole (MBI/EBI/PBI) and SC,
both in the individual form and combined form. Impedance
data from Tables 1A–1C show that combination of 150 ppm
alkyl benzimidazole (MBI/EBI/PBI) and 50 ppm SC had max-
imum corrosion inhibitive effect for mild steel in 1 M HCl at
all the studied temperatures (303 K, 308 K and 313 K). FromPlease cite this article in press as: K. Ramya et al., Corrosion protection of mild steel
semicarbazide pair – Electroanalytical and computational studies, Egypt. J. Petrol.Tables 1A–1C, it is clear that the above mentioned combina-
tion shows inhibition efﬁciency higher than that of individual
inhibitors (benzimidazole derivatives or SC) at all the studied
temperatures (303 K, 308 K and 313 K). At lower tempera-
tures, (303 K and 308 K), only this combination exhibits
higher charge transfer resistance than individual members.
At 313 K, combination of 100 ppm alkyl benzimidazolein hydrochloric acid solution through the synergistic of alkylbenzimidazoles and
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.06.001
Figure 6 Potentiodynamic polarization curve for mild steel in 1 M HCl in the presence of MBI and SC at different temperatures (a)
303 K, (b) 308 K and (c) 313 K. [inset: Potentiodynamic polarization curve for blank and in the presence of individual inhibitor MBI and
SC].
8 K. Ramya et al.(MBI/EBI/PBI) and 100 ppm SC also shows a higher charge
transfer resistance and inhibition efﬁciency than that of indi-
vidual system. Variation of charge transfer resistance with tem-
perature is given in Fig. 5. From the ﬁgure, it is clear that the
maximum efﬁciency (charge transfer resistance) is shown by
combination of 150 ppm alkyl benzimidazole (MBI/EBI/PBI)
and 50 ppm SC. In most of the cases, combination of
50 ppm alkyl benzimidazole (MBI/EBI/PBI) and 150 ppm SCPlease cite this article in press as: K. Ramya et al., Corrosion protection of mild steel
semicarbazide pair – Electroanalytical and computational studies, Egypt. J. Petrol.exhibit lower inhibition efﬁciency than that of individual inhi-
bitor system.
3.2. Potentiodynamic polarization study
Figs. 6–8 shows the potentiodynamic polarization curve for
mild steel in 1 M HCl in the absence and presence of alkyl ben-
zimidazole (MBI/EBI/PBI) and SC both in the individual andin hydrochloric acid solution through the synergistic of alkylbenzimidazoles and
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.06.001
Figure 7 Potentiodynamic polarization curve for mild steel in 1 M HCl in the presence of EBI and SC at different temperatures (a)
303 K, (b) 308 K and (c) 313 K. [inset: Potentiodynamic polarization curve for blank and in the presence of individual inhibitor EBI and
SC].
Corrosion protection of mild steel in hydrochloric acid solution 9combined form at different temperatures (303 K, 308 K and
313 K). The potentiodynamic polarization parameters includ-
ing corrosion current density (icorr), corrosion potential (Ecorr)
and inhibition efﬁciency (IE) are represented in Tables 2A–2C.
These Tables indicate that in the presence of inhibitors, both inPlease cite this article in press as: K. Ramya et al., Corrosion protection of mild steel
semicarbazide pair – Electroanalytical and computational studies, Egypt. J. Petrol.the individual case and in the combined form, the corrosion
rate decreases remarkably. That is, both the anodic and catho-
dic curves shifted toward the lower values of current density.
Potentiodynamic polarization data also show that combina-
tion of 150 ppm alkyl benzimidazole (MBI/EBI/PBI) andin hydrochloric acid solution through the synergistic of alkylbenzimidazoles and
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.06.001
Figure 8 Potentiodynamic polarization curve for mild steel in 1 M HCl in the presence of PBI and SC at different temperatures (a)
303 K, (b) 308 K and (c) 313 K. [inset: Potentiodynamic polarization curve for blank and in the presence of individual inhibitor PBI and
SC].
10 K. Ramya et al.50 ppm SC had lower corrosion current density and higher
inhibition effect than that of individual inhibitor system at
all the studied temperatures. In addition to this combination,
combination of 100 ppm alkyl benzimidazole (MBI/EBI/PBI)
and 100 ppm SC also exhibit higher inhibition efﬁciency than
that of individual system at 313 K. Combination of 50 ppm
alkyl benzimidazole (MBI/EBI/PBI) and 150 ppm SC exhibitPlease cite this article in press as: K. Ramya et al., Corrosion protection of mild steel
semicarbazide pair – Electroanalytical and computational studies, Egypt. J. Petrol.a poor inhibition effect compared with individual system. This
result reveals that potentiodynamic results were in good agree-
ment with impedance results.
The polarization results show that there is no deﬁnite trend
in the shift of Ecorr values. Therefore the inhibitors were
deﬁned as mixed type [72–74]. The parallel Tafel lines in
Figs. 6–8 shows that the addition of inhibitors does not modifyin hydrochloric acid solution through the synergistic of alkylbenzimidazoles and
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.06.001
Table 2A Potentiodynamic polarization parameter and inhibition efﬁciency for the corrosion of mild steel in 1 M HCl solution in the
absence and presence of MBI and SC inhibitors at different temperatures.
Temperature
(K)
Inh: Conc
(ppm)
Ecorr
(mV)
icorr
(mA/cm2)
CR
(mm/yr)
IE
(%)
MBI SC
303 K Blank Blank 466 1.054 12.22 –
0 200 465 0.557 6.456 47.1
50 150 457 0.263 3.047 75.1
100 100 480 0.126 1.455 88.1
150 50 434 0.049 0.564 95.4
200 0 469 0.108 1.248 89.8
308 K Blank Blank 420 1.154 13.38 –
0 200 509 0.832 9.637 27.7
50 150 536 0.590 6.832 48.9
100 100 529 0.333 3.858 71.2
150 50 453 0.178 2.059 84.6
200 0 483 0.222 2.571 80.8
313 K Blank Blank 437 2.185 25.33 –
0 200 528 1.974 22.88 9.67
50 150 511 1.337 15.50 38.8
100 100 498 0.909 10.53 58.4
150 50 488 0.510 5.097 76.7
200 0 456 1.100 12.75 49.7
Corrosion protection of mild steel in hydrochloric acid solution 11the hydrogen evolution mechanism and the reduction of
hydrogen ions on the mild steel surface takes place mainly
through a charge transfer mechanism [69,75]. The adsorbed
inhibitor molecules only block the active sites of hydrogen evo-
lution on the metal surface.
3.3. Quantum chemical studies
The effectiveness of an inhibitor is related to its spatial molec-
ular structures as well as its molecular electronic structuresTable 2B Potentiodynamic polarization parameter and inhibition ef
absence and presence of EBI and SC inhibitors at different temperat
Temperature (K) Inh: Conc (ppm) 
(
EBI SC
303 K Blank Blank 4
0 200 4
50 150 4
100 100 4
150 50 4
200 0 4
308 K Blank Blank 4
0 200 5
50 150 5
100 100 4
150 50 4
200 0 5
313 K Blank Blank 4
0 200 5
50 150 4
100 100 5
150 50 4
200 0 4
Please cite this article in press as: K. Ramya et al., Corrosion protection of mild steel
semicarbazide pair – Electroanalytical and computational studies, Egypt. J. Petrol.[76,77]. Some quantum chemical parameters such as energy
of highest occupied molecular orbital (EHOMO), energy of low-
est unoccupied molecular orbital (ELUMO), HOMO–LUMO
energy gap (DE) and dipole moment were determined by opti-
mization and they can be related to the metal inhibitor interac-
tions [78]. In this way, quantum chemical calculations have
proved to be a powerful tool for studying corrosion inhibition
mechanism and, recently, more and more publications about
corrosion deal with quantum chemical calculations [79]. The
calculated quantum chemical parameters were given in Table 3.ﬁciency for the corrosion of mild steel in 1 M HCl solution in the
ures.
Ecorr
mV)
icorr
(mA/cm2)
CR
(mm/yr)
IE
(%)
66 1.054 12.22 –
65 0.557 6.456 47.1
23 0.309 3.584 70.7
36 0.188 2.177 82.2
82 0.035 0.403 96.7
78 0.099 1.148 90.6
20 1.154 13.38 –
09 0.832 9.637 27.7
21 0.714 8.275 38.1
89 0.535 6.196 53.7
56 0.187 2.166 83.8
27 0.246 2.849 78.7
37 2.185 25.33 –
28 1.974 22.88 9.67
32 1.382 16.01 36.8
18 1.074 12.44 50.9
62 0.327 3.795 85.1
18 1.155 13.38 47.2
in hydrochloric acid solution through the synergistic of alkylbenzimidazoles and
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.06.001
Table 2C Potentiodynamic polarization parameter and inhibition efﬁciency for the corrosion of mild steel in 1 M HCl solution in the
absence and presence of PBI and SC inhibitors at different temperatures.
Temperature
(K)
Inh: Conc
(ppm)
Ecorr
(mV)
icorr
(mA/cm2)
CR
(mm/yr)
IE
(%)
PBI SC
303 K Blank Blank 466 1.054 12.22 –
0 200 465 0.557 6.456 47.1
50 150 397 0.312 3.614 70.4
100 100 342 0.157 1.822 85.1
150 50 477 0.033 0.380 96.9
200 0 491 0.1260 1.460 88.1
308 K Blank Blank 420 1.154 13.38 –
0 200 509 0.832 9.637 27.7
50 150 467 0.621 7.194 46.2
100 100 466 0.221 2.563 80.9
150 50 510 0.152 1.761 86.8
200 0 474 0.305 3.532 73.6
313 K Blank Blank 437 2.185 25.33 –
0 200 528 1.974 22.88 9.67
50 150 399 1.960 22.71 17.5
100 100 381 0.656 7.606 70.0
150 50 549 0.323 3.746 85.2
200 0 405 1.009 11.69 53.8
Table 3 Calculated quantum chemical properties for the inhibitors alkyl benzimidazole and SC and the combined form of these
inhibitors.
Molecule Total energy
(eV)
EHOMO
(eV)
ELUMO
(eV)
DE
(eV)
Dipole moment
(D)
SC 7635 6.659 1.433 8.09 4.58
MBI 11,407 5.890 0.225 5.67 3.50
EBI 12,477 5.876 0.231 5.65 3.47
PBI 13,057 5.859 0.219 5.64 3.48
MBI + SC 21,171 5.311 0.335 5.65 9.15
EBI + SC 20,112 5.575 0.006 5.57 8.09
PBI + SC 19,042 5.247 0.356 5.60 9.89
12 K. Ramya et al.The quantum chemical parameters of the individual inhibitor
molecule were taken from our previously published work
[52,53].
Fig. 9 represents the optimized structure, HOMO and
LUMO corresponding to the combined form of the inhibitor
molecules. The optimized geometry of the combined form of
inhibitor molecule shows that the alkyl benzimidazole (MBI/
EBI/PBI) interacts with SC up to a bond length of 1.9 A˚
through H- bonding (Fig. 9). From this ﬁgure it is clear that
the combined inhibitive effect of the inhibitor molecules is
due to this hydrogen bonded interaction.
According to Fukui’s frontier molecular orbital theory [80],
reactive ability of the inhibitor is related with frontier molecu-
lar orbitals including HOMO and LUMO. Higher HOMO
energy of the adsorbent leads to higher electron donating abil-
ity [81–83]. Low LUMO energy indicates that the acceptor
accepts electron easily. The energy gap between HOMO and
LUMO is an important stability index [84].
Increasing values of dipole moment has been reported to
facilitate adsorption (and therefore inhibition) by inﬂuencingPlease cite this article in press as: K. Ramya et al., Corrosion protection of mild steel
semicarbazide pair – Electroanalytical and computational studies, Egypt. J. Petrol.the transport process through the adsorbed layer [76]. Several
authors have stated that inhibition efﬁciency increases with
increasing values of the dipole moments of the inhibitor [85].
Table 3 shows that the combined form of the inhibitor system
had a dipole moment which is higher than that of an individual
inhibitor system.
The local reactivity was analyzed by means of the con-
densed Fukui functions. The site for nucleophilic attack will
be the place where f+ is maximum. In turn, the site for elec-
trophilic attack is controlled by the value of f. The values
of the Fukui functions for nucleophilic and electrophilic attack
in the combined form are given in Table 4. From the Table 4, it
is clear that the most reactive site for the electrophilic attack is
C(5) in alkyl benzimidazole – SC system. Fig. 9 clearly shows
that the site for electrophilic attack is on the carbon atom in
the phenyl ring of benzimidazole system. Similarly, the site
for nucleophilic attack is the C(3) in alkyl benzimidazole
(MBI/EBI/PBI) – SC system. From the optimized structure
of the combined form, it is clear that these carbon atoms are
also on the phenyl ring on the benzimidazoles.in hydrochloric acid solution through the synergistic of alkylbenzimidazoles and
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.06.001
Inhibitor Opt. geometry HOMO LUMO 
MBI+SC 
EBI+SC 
PBI+SC 
Figure 9 Optimized geometry, HOMO and LUMO of the inhibitor molecules in the combined form.
Table 4 Condensed Fukui functions for case when the molecule receives charge from metal surface.
MBI + SC EBI + SC PBI + SC
Atom f f+ Atom f f+ Atom f f+
1C 0.1052 0.0119 1C 0.1135 0.0148 1C 0.1160 0.0137
2C 0.1381 0.0639 2C 0.1402 0.0680 2C 0.1389 0.0634
3C 0.1275 0.2395 3C 0.1202 0.2387 3C 0.1192 0.2386
4C 0.0201 0.0332 4C 0.0232 0.0261 4C 0.0236 0.0322
5C 0.2412 0.1301 5C 0.2372 0.1430 5C 0.2367 0.1306
6C 0.0537 0.2285 6C 0.0470 0.2218 6C 0.0430 0.2294
7C 0.1551 0.1855 7C 0.1597 0.1676 7C 0.1588 0.1775
8H 0.0000 0.0000 8H 0.0000 0.0000 8H 0.0000 0.0000
9H 0.0000 0.0000 9H 0.0000 0.0000 9H 0.0000 0.0000
10H 0.0000 0.0000 10H 0.0000 0.0000 10H 0.0000 0.0000
11H 0.0000 0.0000 11H 0.0000 0.0000 11H 0.0000 0.0001
12H 0.0000 0.0000 12H 0.0000 0.0002 12H 0.0000 0.0000
13N 0.0116 0.0250 13N 0.0083 0.0209 13N 0.0087 0.0233
14N 0.1219 0.0405 14N 0.1203 0.0322 14N 0.1221 0.0376
15C 0.0055 0.0075 15C 0.0060 0.0092 15C 0.0062 0.0112
16H 0.0005 0.0010 16H 0.0000 0.0001 16H 0.0008 0.0022
17H 0.0073 0.0110 17H 0.0109 0.0150 17H 0.0066 0.0109
18H 0.0122 0.0210 18C 0.0104 0.0067 18C 0.0139 0.0119
19H 0.0000 0.0000 19H 0.0018 0.0071 19H 0.0003 0.0001
20N 0.0000 0.0001 20H 0.0000 0.0002 20H 0.0009 0.0013
21C 0.0000 0.0005 21H 0.0012 0.0026 21C 0.0031 0.0055
22H 0.0000 0.0000 22H 0.0000 0.0210 22H 0.0000 0.0005
23O 0.0000 0.0002 23N 0.0001 0.0005 23H 0.0009 0.0004
24N 0.0000 0.0000 24C 0.0000 0.0008 24H 0.0001 0.0003
(continued on next page)
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Table 4 (continued)
MBI + SC EBI + SC PBI + SC
Atom f f+ Atom f f+ Atom f f+
25H 0.0000 0.0000 25H 0.0000 0.0031 25H 0.0000 0.0010
26N 0.0001 0.0001 26O 0.0001 0.0000 26N 0.0000 0.0002
27H 0.0000 0.0000 27N 0.0000 0.0000 27C 0.0000 0.0021
28H 0.0000 0.0006 28H 0.0000 0.0006 28H 0.0000 0.0011
29N 0.0000 0.0004 29O 0.0000 0.0005
30H 0.0000 0.0000 30N 0.0000 0.0009
31H 0.0000 0.0001 31H 0.0000 0.0000
32N 0.0000 0.0003
33H 0.0000 0.0003
34H 0.0000 0.0027
Table 5 Synergism parameters for mild steel in 1 M HCl in the presence of combination of alkyl benzimidazole and SC at different
temperatures.
Inhibitor used Conc of benzimidazole
derivatives (ppm)
Conc of SC (ppm) Synergism parameter at diﬀerent temperatures
303 K 308 K 313 K
MBI + SC 50 150 0.308 0.325 0.550
100 100 0.748 0.607 0.855
150 50 1.771 0.980 2.081
EBI + SC 50 150 0.315 0.262 0.659
100 100 0.505 0.501 1.114
150 50 1.163 1.228 3.473
PBI + SC 50 150 0.246 0.396 0.416
100 100 0.653 1.144 1.256
150 50 1.326 1.788 3.664
0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009 0.0010 0.0011 0.0012
0.0004
0.0005
0.0006
0.0007
0.0008
0.0009
0.0010
0.0011
0.0012
0.0013
0.0014
C
in
h /
θ
Cinh (mol)
303K (R2=0.9999)
 308K (R2=0.9995)
 313K (R2=0.9737)
Figure 10 Langmuir’s adsorption isotherm for mild steel in 1 M
HCl at different temperatures in the presence of MBI and SC.
14 K. Ramya et al.3.4. Synergistic interaction of alkyl benzimidazole (MBI/EBI/
PBI) with SC
The synergistic interaction between alkyl benzimidazole (MBI/
EBI/PBI) and SC were estimated using synergism parameter
(Sh) which is calculated from the following equation [86]
Sh ¼ 1 h1  h2 þ ðh1h2Þ
1 h1þ2 ð3Þ
where h1 and h2 are the surface coverage of the individual inhi-
bitor system, h1+2 is the surface coverage of the inhibitor
molecule in the combined form. Sh approaches one when no
interaction between the inhibitor molecules exist, while
Sh> 1 indicates a synergistic effect. In the case of Sh< 1,
antagonistic behavior prevails which may be attributed to
competitive adsorption. The synergism parameter were calcu-
lated from impedance data and given in Table 5. This table
shows that combination of 150 ppm alkyl benzimidazole
(MBI/EBI/PBI) and 50 ppm SC shows Sh values higher than
unity at all the studied temperatures (303 K, 308 K and
313 K). At 313 K, combination of 100 ppm alkyl benzimida-
zole (MBI/EBI/PBI) and 100 ppm SC also shows Sh value
greater than unity. These results indicate that synergism exists
between alkyl benzimidazole (MBI/EBI/PBI) and SC at this
combinations. Due to this reason the above mentioned combi-
nations had shown higher inhibition efﬁciency than that of the
individual inhibitor system. The remaining combinations
showed Sh< 1 (Table 5) which implies antagonistic behaviorPlease cite this article in press as: K. Ramya et al., Corrosion protection of mild steel
semicarbazide pair – Electroanalytical and computational studies, Egypt. J. Petrol.of the inhibitor molecules. From this result, it is clear that
the combined form of inhibitor molecules act by co-
adsorption mechanism, which may be either competitive or
co-operative [87]. In competitive mechanism, inhibitor mole-
cules were adsorbed at different sites on the metal surface sep-
arately. In co- operative adsorption, one of the inhibitor
molecules is chemisorbed on the metal surface followed by
the adsorption of another type inhibitor molecule.in hydrochloric acid solution through the synergistic of alkylbenzimidazoles and
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.06.001
Table 6 Equilibrium constant and standard free energy for mild steel in 1 M HCl in the presence of alkyl benzimidazole and SC and
the combined form of these inhibitors.
Inhibitor used Temperature (K)
303 308 313
K DG0ads (kJ mol1) K DG0ads (kJ mol1) K DG0ads (kJ mol1)
MBI + SC 6949 32 2590 30 1366 29
EBI + SC 9062 33 1602 29 943 28
PBI + SC 7571 33 4324 32 154 24
Corrosion protection of mild steel in hydrochloric acid solution 153.5. Adsorption study
The adsorption isotherm can be determined by assuming that
inhibition effect is mainly due to the adsorption at metal/solu-
tion interface. They give basic information on the adsorption
of inhibitors on the metal surface [88]. Several adsorption iso-
therms (Frumkin, Langmuir, Temkin, Freundlich) were tested
and the Langmuir adsorption isotherm was found to provide
the best description of the adsorption behavior of the com-
bined form of inhibitors. The Langmuir isotherm was given
by the following equation
Cinh
h
¼ 1
Kads
þ Cinh ð4Þ
where Cinh is the inhibitor concentration, Kads is the adsorp-
tion equilibrium constant and h is the surface coverage which
can be calculated from electrochemical impedance data as
h ¼ R

ct  Rct
Rct
ð5Þ
The plot of Cinh/h versus Cinh gives a straight line as shown
in Fig. 10. For simplicity only the Langmuir adsorption iso-
therm for the combined form of MBI and SC are given. The
linear regression coefﬁcients (R2) are quite equal to 1, conﬁrm-
ing that the adsorption of combined form of inhibitors alkyl
benzimidazole (MBI/EBI/PBI) and SC in 1 M HCl solution
follows the Langmuir adsorption isotherm.
The adsorption of inhibitor molecules from the aqueous
solution can be regarded as a quasi substitution process
between the inhibitor and water molecules at the electrode sur-
face, according to the following equation [89]
OrgðsolÞ þH2OðadsÞ ! OrgðadsÞ þ xH2OðsolÞ ð6Þ
in which H2O(sol) are the water molecules in the solution and
Org(ads) are the inhibitor molecules adsorbed on the metal
surface. x is the size ratio representing the number of water
molecules replaced with a molecule of adsorbed inhibitors.
The process is a part of the iron dissolution mechanism and
affects the iron dissolution rate. Kads is related to standard free
energy of adsorption (DG0ads) according to the following equa-
tion [90,91]
DG0ads ¼ 2:303RT log ð55:5 KÞ ð7Þ
where R is the universal gas constant, T is the absolute temper-
ature, and 55.5 mol L1 is a molar concentration of water in
solution. Calculated DG0ads values are given in Table 6. Gener-
ally, values of DG0ads up to 20 kJ mol1 are consistent with
the electrostatic interaction between the charged molecules
and the unlike charged metal (physical adsorption) while thosePlease cite this article in press as: K. Ramya et al., Corrosion protection of mild steel
semicarbazide pair – Electroanalytical and computational studies, Egypt. J. Petrol.more negative than about 40 kJ mol1 involve sharing or
transfer of electrons from the inhibitor molecules to the metal
surface to form a co-ordinate bond (chemisorption) [92].
Table 6 shows that the values of DG0ads were around
30 kJ mol1, probably means that adsorption of combined
form of inhibitors involves two types of interactions:
Chemisorption and physisorption.
4. Conclusion
1. The combined form of inhibitors alkyl benzimidazole
(MBI/ EBI/ PBI) and SC shown inhibitive effect on the cor-
rosion of mild steel in 1 M HCl. Particular combination of
150 ppm alkyl benzimidazole (MBI/EBI/PBI) and 50 ppm
SC exhibit good inhibition efﬁciency at all the studied tem-
peratures (303 K, 308 K and 313 K).
2. Polarization studies reveal that the alkyl benzimidazole
(MBI/EBI/PBI) – SC mixture acts as a mixed type
inhibitor.
3. Quantum chemical studies and synergism parameter values
support the experimental results.
4. The inhibitor molecules are adsorbed on mild steel surface
blocking the reaction sites and obeying the Langmuir
adsorption isotherm. The surface area available for the
attack of the corrosive species decreases with the addition
of alkyl benzimidazole – SC mixture.
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